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The low-lying structure of 55Sc has been investigated using in-beam γ-ray spectroscopy with the
9Be(56Ti,55Sc+γ)X one-proton removal and 9Be(55Sc,55Sc+γ)X inelastic-scattering reactions at the
RIKEN Radioactive Isotope Beam Factory. Transitions with energies of 572(4), 695(5), 1539(10),
1730(20), 1854(27), 2091(19), 2452(26), and 3241(39) keV are reported, and a level scheme has been
constructed using γγ coincidence relationships and γ-ray relative intensities. The results are com-
pared to large-scale shell-model calculations in the sd-pf model space, which account for positive-
parity states from proton-hole cross-shell excitations, and to ab initio shell-model calculations from
the in-medium similarity renormalization group that includes three-nucleon forces explicitly. The
results of proton-removal reaction theory with the eikonal model approach were adopted to aid
identification of positive-parity states in the level scheme; experimental counterparts of theoretical
1/2+1 and 3/2
+
1 states are suggested from measured decay patterns. The energy of the first 3/2
−
state, which is sensitive to the neutron shell gap at the Fermi surface, was determined. The result
indicates a rapid weakening of the N = 34 subshell closure in pf -shell nuclei at Z > 20, even when
only a single proton occupies the pif7/2 orbital.
PACS numbers: 23.20.Lv, 27.40.+z, 29.38.Db
I. INTRODUCTION
Investigations of exotic, radioactive nuclei—isotopes
that lie far from the line of β stability on the chart of
nuclides—have highlighted structural changes that oc-
cur relative to stable systems [1, 2] owing to differences
in the ordering of single-particle orbitals that define the
traditional nuclear shell model [3, 4]. A few notewor-
thy examples of such phenomena include the onset of a
neutron shell gap at N = 16 along the oxygen isotopic
chain [5–8], and the weakening of the traditional neutron
magic numbers N = 20 and 28 in nuclei around 32Mg
[9, 10] and 42Si [11, 12], respectively. In the neutron-
rich pf shell, which is bounded by the proton and neu-
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tron numbers Z = 20–28 and N = 28–40, the onset of
new subshell closures at N = 32 and 34 have received
much attention on both the experimental and theoretical
fronts. Development of the N = 32 subshell gap was first
suggested from a decay study of 52K by Huck et al. [13],
and confirmed more recently along the Ca [14, 15], Ti
[16, 17], and Cr [18–20] isotopic chains from investiga-
tions of first 2+ state energies [E(2+1 )], reduced transi-
tion probabilities [B(E2; 0+1 → 2+1 )], and high-precision
mass measurements. The first direct evidence for the on-
set of a new subshell closure at N = 34 in exotic Ca
isotopes was presented from the structure of 54Ca [21],
while earlier studies on 56Ti [17, 22] indicated that no
significant N = 34 subshell closure resides in titanium
isotopes. Moreover, the persistence of the N = 32 sub-
shell gap below the Z = 20 shell closure has been re-
ported in exotic K [23] and Ar [24] isotopes; however,
recent evidence indicating a large, unexpected increase
in the nuclear charge radii of neutron-rich Ca isotopes
beyond N = 28 has emerged from laser spectroscopy ex-
periments [25], which may challenge the proposition of a
significant N = 32 subshell closure. On the theoretical
side, the developments of N = 32 and 34 subshell gaps
2have been investigated, for example, in the framework
of tensor-force-driven shell evolution [26, 27], which indi-
cates that a weakening of the attractive proton-neutron
(pi-ν) interaction between the pif7/2 and νf5/2 orbitals
in isotones approaching Z = 20 is responsible for the
appearance of these closures in exotic systems. Much
effort has also been afforded to theoretical calculations
that employ three-nucleon forces (3NFs) [28]; some ex-
amples along the oxygen and calcium isotopic chains in-
clude investigations of nuclear masses [15, 29–31], charge
radii [25, 32, 33], energy systematics [34–39], electromag-
netic moments [40], the location of the neutron drip line
[27, 41], and very recently, the neutron distribution and
skin thickness in the doubly magic nucleus 48Ca [42], and
the impact on spectroscopic factors [43]. Theoretical in-
teractions involving 3NFs have also been applied to in-
vestigate the structure of the medium-mass nucleus 78Ni
[44]. Furthermore, advances in many-body methods now
allow for the construction of shell-model Hamiltonians in
a fully ab initio manner [39, 45, 46]. In particular, when
the valence-space formulation of the in-medium similarity
renormalization group (VS-IM-SRG) [47–49] is combined
with the ensemble normal ordering procedure introduced
in Ref. [50], ab initio calculations can be extended to
ground and excited states of essentially all light- and
medium-mass nuclei with an accuracy comparable to that
in closed-shell systems. Here, the VS-IM-SRG has been
used to perform the first calculations of spectroscopy in
neutron-rich Sc isotopes.
The structure of neutron-rich Sc isotopes around N =
34 has been investigated over recent years using β decay,
multinucleon transfer, and nucleon-knockout reactions.
For the N = 32 isotope, 53Sc, γ-ray transitions have been
reported to depopulate states at 2283(18) and 2617(20)
keV from multinucleon transfer with the 238U+48Ca re-
action in inverse kinematics [51], and a single transition
at 2109.0(3) keV was deduced from the β decay of 53Ca
[52, 53], which was placed in the level scheme feeding the
ground state directly. These excited states were assigned
tentative spin-parity quantum numbers of 9/2−, 11/2−,
and 3/2−, respectively. In Refs. [52, 53], the structure of
53Sc was discussed in the context of the extreme single-
particle model; the coupling of the valence pif7/2 proton
to the first excited 2+ state of 52Ca [pif7/2⊗52Ca(2+1 )] is
expected to produce a quintet of states with spins and
parities of 3/2−, 5/2−, 7/2−, 9/2−, and 11/2−. The fact
that the three excited states in 53Sc, reported at 2.11,
2.28, and 2.62 MeV [51–53], lie at energies comparable to
that of the 2+1 state in
52Ca (2.56 MeV [13, 14]), and were
assigned spin-parity values consistent with the members
of the expected quintet, highlights the success of the sim-
ple coupling scheme in this particular case and provides
support for a robust N = 32 subshell gap. The 2.11-MeV
state was later confirmed using the 9Be(54Ti,53Sc+γ)X
one-proton removal reaction, in addition to the measure-
ment of four new γ-ray transitions in 53Sc [54]. Although
the new transitions could not be placed in the 53Sc level
scheme, the authors of Ref. [54] attribute the positive-
parity states populated by the reaction to the removal of
sd-shell protons, which highlights the role of cross-shell
excitations in such reactions. It is noted that this mech-
anism is important for the interpretation of 55Sc in the
present work.
The low-lying structure of the even-A isotopes 54Sc and
56Sc was also reported by Crawford et al. [53] from the
decays of isomeric states and, in the case of 54Sc, from the
β decay of 54Ca. A γ-ray peak at 247 keV was reported
from the 54Ca decay study, which confirms the transition
previously reported by Mantica et al. [55]. A 110-keV iso-
meric state in 54Sc was originally reported by Grzywacz
et al. [56], and later confirmed by Refs. [53, 57, 58]. In
the case of 56Sc, two β-decaying states were reported [57]
with half-lives of 35(5) and 60(7) ms, and spin-parity val-
ues of (1+) and (6+, 7+), respectively, although the ener-
gies of the states could not be deduced in that study. The
half-lives of the two states were confirmed in Ref. [53],
where the respective values were reported as 26(6) and
75(6) ms, and the lower-spin β-decaying state was as-
signed as the 56Sc ground state. Moreover, the spins
and parities of the states were reexamined, and values
of (5, 6)+ were assigned to the higher-spin isomer [53].
The low-lying structure of 56Sc was investigated via pop-
ulation of a 290(30)-ns, (4)+ isomeric level at 775 keV,
and excited states at 587 and 727 keV were reported in a
level scheme that was constructed using γγ coincidence
relationships [53]; it is noted that some of the γ rays
measured from the decay of the 290-ns isomer were first
reported in Ref. [57], although the transitions could not
be placed in a level scheme in that study.
The one-neutron removal reaction was studied at rel-
ativistic energies (≈420 MeV/u) for neutron-rich Sc iso-
topes in Ref. [59], where inclusive longitudinal momen-
tum distributions and cross-sections are reported for pro-
jectiles from 51Sc to 55Sc. The contributions from ` = 1
and ` = 3 orbitals (neutron removal from the νp3/2–
νp1/2 and νf7/2–νf5/2 spin-orbit partners, respectively)
were estimated by fitting experimental data with theo-
retical, weighted momentum distributions. In the case
of the 9Be(55Sc,54Sc)X reaction, it was deduced that the
` = 1 component dominates the inclusive cross-section,
with only a small contribution from the ` = 3 orbitals.
The negligible contribution from the νf7/2 orbital was at-
tributed to the fact that the majority of the spectroscopic
strength is located in states that lie above the neutron
threshold in the residual nucleus, 54Sc. The results also
suggest that the νf5/2 orbital does not play a significant
role in the one neutron-removal reaction, at least not at
N ≤ 34.
While properties of the nuclear ground state have been
reported for 55Sc [55, 57, 60], where the most recent study
[53] indicates a half-life and tentative spin-parity quan-
tum numbers of 96(2) ms and 7/2−, respectively, no in-
formation on excited states of the N = 34 isotope was re-
ported prior to the present work. It is noted that prelim-
inary results on 55Sc are provided in Refs. [61, 62]. In the
present article, the low-lying structure of 55Sc has been
3investigated using the 9Be(56Ti,55Sc+γ)X one-proton re-
moval and 9Be(55Sc,55Sc+γ)X inelastic-scattering reac-
tions in order to track directly the development of the
N = 34 subshell closure approaching Z = 20 and, more-
over, to provide a deeper understanding of the evolution
of nuclear single-particle orbitals in systems far from the
valley of β stability.
II. EXPERIMENT
The experiment was performed at the RIKEN Ra-
dioactive Isotope Beam Factory using a primary beam
of 70Zn30+ ions at 345 MeV/nucleon. The BigRIPS sep-
arator [63] was employed to produce a secondary, ra-
dioactive beam that was optimized for the transmission
of 55Sc, although 56Ti also fell within the acceptance of
the spectrometer. The secondary beam was focused on
a 10-mm-thick 9Be target at the eighth focal plane along
the beam line, which was surrounded by the DALI2 γ-
ray detector array [64] to measure photons emitted from
nuclear excited states. Further downstream, the reac-
tion products were identified using the ZeroDegree spec-
trometer [63] operating in the large-acceptance mode.
Other results from the present experiment are reported
in Refs. [21, 24, 61, 62, 65], where particle-identification
plots and further details on the experimental conditions
are provided.
III. RESULTS
The Doppler-corrected γ-ray energy spectra deduced
from the 9Be(56Ti,55Sc+γ)X and 9Be(55Sc,55Sc+γ)X
reactions are presented in Figs. 1(a) and 1(c), respec-
tively. It is noted that Insets 1(b) and 1(d), which
display zoomed regions around the two lowest-energy
peaks reported in the present work, were deduced us-
ing a more restrictive angular cut on the detectors of the
DALI2 array in order to minimize contamination from
low-energy atomic background and the e+e− annihila-
tion peak, which lies at 511 keV in the laboratory frame
of reference (more specifically, an angular selection of
θ ∼ 52◦–60◦, where θ is the polar angle relative to the
beam line, was adopted for Insets 1(b) and 1(d), whereas
the main panels, Figs. 1(a) and 1(c), present data from
detectors in the angular range θ ∼ 52◦–131◦). The tran-
sitions, which are summarized in Table I, are reported in
the present work for the first time. The peaks at 572(4),
695(5), and 1539(10) keV were measured in both reac-
tions, and the two energy values deduced for each tran-
sition are consistent within uncertainties. Moreover, the
peaks at 1730(20), 1854(27), 2091(19), and 2452(26) keV
were only observed in the one-proton removal reaction
of Fig. 1(a), and the peak at 3241(39) keV only appears
in the inelastic-scattering spectrum of Fig. 1(c), at least
within the limit of sensitivity of the present experiment.
Errors on γ-ray energies are statistical and systematic un-
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FIG. 1: (Color online) Doppler-corrected γ-ray energy spectra
for the (a) 9Be(56Ti,55Sc+γ)X and (c) 9Be(55Sc,55Sc+γ)X
reactions. The (black) long- and (blue) short-dashed lines
are exponential fits to background regions and GEANT4 [66]
simulated γ-ray response functions, respectively, and the (red)
solid lines are the total fits. Insets (b) and (d) present data
from the same respective reactions as panels (a) and (c), but
for histograms with 25 keV/bin and more restrictive angular
cuts on DALI2 detectors (see text for details); simulations
for the higher-energy peaks are not displayed in the insets to
avoid clutter in the spectra, but are included in the total fits.
Data with γ-ray multiplicity selections of Mγ = 1 were used
for all panels except for Inset (d), which presents Mγ ≥ 1
data. Peaks are labeled by their energies in keV.
certainties combined in quadrature; the systematic com-
ponent contains contributions from the energy calibra-
tion and possible shifts in peak positions owing to indirect
feeding from higher-lying states, which were estimated
using the code GEANT4 [66] by assuming excited-state
lifetimes comparable to projectile times-of-flight through
the reaction target.
In order to place the transitions in a level scheme,
γγ coincidence relationships were investigated, which are
displayed in Fig. 2 for the 9Be(56Ti,55Sc+γ)X reaction.
It is noted that the spectra presented in all of the panels
have been background subtracted by applying γγ coin-
cidence gates in background regions at energies higher
than the γ-ray peak values. For example, the spectrum
4TABLE I: Summary of the γ-ray transitions reported in the
present work. Adopted (weighted-mean) values are provided
for the peaks measured in both reactions. All energies (values
listed in the first, second, and third columns) are given in keV,
and the γ-ray relative intensities (Iγ) were extracted from
9Be(56Ti,55Sc+γ)X (Mγ ≥ 1) data fitted with GEANT4 [66]
simulations assuming isotropic angular distributions.
Be(56Ti,55Sc+γ)X Be(55Sc,55Sc+γ)X Adopted Iγ
572(5) 573(7) 572(4) 50.3(57)
692(6) 700(8) 695(5) 100(11)
1535(14) 1542(14) 1539(10) 16.8(22)
1730(20) – – 3.5(13)
1854(27) – – 14.2(21)
2091(19) – – 32.7(38)
2452(26) – – 10.0(14)
– 3241(39) – –
presented in Fig. 2(a), which displays a background-
subtracted γγ coincidence spectrum for the 695-keV tran-
sition, was obtained by subtracting the normalized γγ
coincidence spectrum deduced from an energy gate set
in the region between the 695- and 1539-keV peaks; the
normalization factor was deduced from the total number
of events within the limits of the energy gate (Mγ ≥ 1)
set in the background region, and the number of back-
ground events within the energy gate set on the peak
itself, which was estimated using fits of the experimental
Mγ ≥ 1 spectrum with simulated γ-ray response func-
tions from the code GEANT4 [66]. It is noted that the
spectrum displayed in Fig. 2(a) can be fit in a satisfac-
tory manner using simulated response functions for the
peaks at 572, 1539, 1854, 2091, and 2452 keV, indicat-
ing coincidence relationships between each of those five
transitions and the 695-keV peak. In fact, out of all of
the peaks identified in Figs. 1(a) and 1(b)—with the ex-
ception of the 695-keV peak itself—only the 1730-keV
transition provides no evidence for γγ coincidence rela-
tionships with the 695-keV transition.
The spectrum of Fig. 2(b) indicates the result of a
wider γ-ray energy gate that encompasses both the 572-
and 695-keV peaks, and can be compared to the result of
Fig. 2(a) to shed light on the γγ coincidence relationships
of the 572-keV transition itself. First, it is noted that the
fit of the spectrum of Fig. 2(b) requires inclusion of the
simulated response function for the 695-keV peak, which
confirms the coincidence relationship between these two
transitions, as discussed above. Second, it is noted that
the number of peaks required to reproduce the multiplet
of transitions above 1.5 MeV remains the same; how-
ever, the amplitude factors of the peaks in the multiplet
provide further insight into which transitions lie in co-
incidence with the peak at 572 keV. Indeed, one would
expect the amplitude factors of the simulated response
functions of the 1539-, 1854-, 2091-, and 2452-keV tran-
sitions to increase relative to the values in Fig. 2(a), be-
cause the wider energy gate applied in Fig. 2(b) contains
a larger number of γγ coincidence events owing to the in-
clusion of the Compton component of the 695-keV transi-
tion. In fact, the increase in the number of counts of the
695-keV transition (including counts in the full-energy
photopeak and the Compton-scattered events) within the
energy gate of Fig. 2(b) relative to Fig. 2(a) is ∼1.2 and,
therefore, one may naively expect an increase in the am-
plitude factors of the coincident transitions of at least
a similar magnitude. Indeed, the increase of the am-
plitude factor for the fit of the 572-keV peak is 1.3(1),
which is consistent with the naive expectation for this
transition. Similarly, the increases of the amplitude fac-
tors for the 2091- and 2452-keV γ rays are 1.4(1) and
1.3(3), respectively, which are consistent with the value
for the 572-keV line, suggesting that no coincidence rela-
tionships exist between either of these two γ rays and the
572-keV transition. In the case of the peaks at 1539 and
1854 keV, however, the increases of the amplitude factors
are significantly larger—2.7(4) and 2.2(4), respectively—
highlighting the coincidence relationships between each
of these two transitions and the the one at 572 keV.
Figure 2(c) displays the result of a γ-ray coincidence
gate placed over the entire multiplet. In this case, and
similarly for Figs. 2(d) and 2(e), which are discussed be-
low, the coincidence gate used for the background sub-
traction procedure was applied at energies higher than
the 2452-keV γ ray, which is the highest-energy peak in
the multiplet. Although the result of Fig. 2(c) alone can-
not be used to distinguish which of the five transitions
in the multiplet form γγ coincidences with the peaks at
572 and 695 keV, the result does, however, indicate that
no transition within the multiplet forms γγ coincidence
relationships with any of the other members and, there-
fore, the five transitions should be placed in parallel de-
cay paths in the level scheme. Figs. 2(d) and 2(e) present
background-subtracted γγ coincidence spectra for respec-
tive energy gates set on the 2452-keV peak, and a wider
gate that encompasses both the 2091- and 2452-keV lines.
The result of the narrow γ-ray gate—the spectrum dis-
played in Fig. 2(d)—indicates a coincidence relationship
between the 695- and 2452-keV transitions, confirming
one of the conclusions discussed above from Fig. 2(a).
The result of the wider γ-ray gate—that of Fig. 2(e)—
indicates γγ coincidences between the 695- and 2091-keV
transitions, which is also in agreement with the result of
Fig. 2(a). It is important to realize that while an in-
crease in the number of events in the 695-keV peak by
a factor of at least ∼1.6 is naively expected, owing to
real coincidences with the Compton component of the
2452-keV transition that falls within the wider energy
gate, the actual increase in the number of events is no-
tably larger than that value (∼5), which highlights the
additional coincidence relationship between the 695- and
2091-keV transitions. In fact, this number is consistent
with the ratio (R) of the number of events of the 2452-
and 2091-keV fitted response functions that lie within
the respective wide and narrow γ-ray coincidence gates
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FIG. 2: (Color online) Background-subtracted γγ co-
incidence relationships for transitions measured in the
9Be(56Ti,55Sc+γ)X reaction. The (black) long- and (blue)
short-dashed lines in panels (a) and (b) are exponential fits
to background regions and GEANT4 [66] simulated γ-ray re-
sponse functions, respectively, and the (red) solid lines are
the total fits. The shaded regions represent the widths of the
γ-ray energy gates applied in each panel, and the region se-
lected for the background subtraction process in panel (a) is
indicated by the horizontal arrows as an example. Peaks are
labeled by their energies in keV, where given (note that the
adopted, weighted-mean energies are displayed here, where
relevant). See text for further details.
of Figs. 2(e) and 2(d), which is R ∼ 5.0 (it is noted that
a minor contribution from the 1854-keV peak within the
wider energy gate was neglected, which changes R by
only ∼0.1). Furthermore, Figs. 2(d) and 2(e) provide no
evidence for γγ coincidences between either the 2091- or
the 2452-keV γ rays and the 572-keV transition, which
also confirms the conclusions drawn from the spectra of
Figs. 2(a) and 2(b). It is noted that statistics were insuf-
ficient to confirm the proposed γγ coincidence relation-
ships using the 9Be(55Sc,55Sc+γ)X inelastic-scattering
data.
IV. DISCUSSION
The level scheme constructed from the γγ coincidence
measurements discussed above, the γ-ray relative inten-
sities listed in Table I, and γ-ray energy sum rules is dis-
played in Fig. 3(a). The 695-keV transition is placed in
the level scheme feeding the ground state because it car-
ries the largest relative intensity and, as discussed above,
forms γγ coincidence relationships with each of the 572-,
1539-, 1854-, 2091-, and 2452-keV γ rays. Owing to the
fact that the 2091- and 2452-keV transitions do not ex-
hibit γγ coincidence relationships with the peak at 572
keV, they are placed in the level scheme in parallel to
that transition, feeding the 695-keV level. Since it was
deduced that the 1539- and 1854-keV γ rays exhibit γγ
coincidence relationships with the 572-keV line, they are
both placed in the level scheme feeding the state at 1267
keV. It is noted that the energy sum of the 572(4)- and
1854(27)-keV γ rays is consistent, within uncertainties,
with the energy of the 2452(26)-keV peak and, therefore,
the 1854- and 2452-keV transitions are placed depopu-
lating a common energy level at 3135 keV. It is also im-
portant to realize that, although the energy sum of the
572(4)- and 1539(10)-keV transitions is consistent with
the energy of the 2091(19)-keV line, the 1539- and 2091-
keV transitions are not placed in the level scheme de-
populating a common state. This is owing to the fact
that while the 1539-keV line is observed in both the
9Be(56Ti,55Sc+γ)X and 9Be(55Sc,55Sc+γ)X reactions of
Figs. 1(a) and 1(c), respectively, the 2091-keV transi-
tion is only present in the one-proton removal reaction,
indicating that these two γ rays must depopulate two
distinct energy levels; indeed, it is perhaps not surpris-
ing that these excited states are separated by only ∼20
keV considering the density of predicted levels around
2.8 MeV displayed in Figs. 3(b) and 3(c) (the details of
these calculations are discussed below). It was estab-
lished that the 1730-keV transition does not form γγ co-
incidences with any of the other measured γ rays and,
therefore, it is placed in the level scheme feeding the
ground state directly. Owing to insufficient statistics in
the 9Be(55Sc,55Sc+γ)X reaction, the 3241-keV transition
could not be placed in the level scheme. It should also be
realized that the present experiment was not sensitive to
low-energy γ rays (Eγ <∼ 0.5 MeV) owing to DALI2 de-
tector threshold settings; for example, γ-ray transitions
between the 3135-keV level and the states at 2786 or 2806
keV (∆E <∼ 350 keV) cannot be ruled out.
We now calculate the spectrum of 55Sc using the VS-
IM-SRG approach, beginning from the 1.8/2.0 (EM)
NN+3N chiral Hamiltonian developed in Refs. [67, 68].
While fit to reproduce only two-, three-, and four-body
data, this interaction predicts saturation properties in in-
finite nuclear matter and has been shown to reproduce
ground-state energies throughout the light and medium-
mass region [69]. With all calculation details given in
Ref. [69], we use the Magnus formulation of the IM-SRG
[70] to sequentially decouple the 40Ca core as well as a
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FIG. 3: (a) Level scheme for 55Sc deduced in the present work.
The widths of the γ-ray lines are proportional to relative in-
tensities measured in the 9Be(56Ti,55Sc+γ)X reaction. The
columns labeled (b) VS-IM-SRG and (c) SDPF-MUr are pre-
dictions of 55Sc spectra using the ab initio many-body method
and large-scale shell-model calculations, respectively (see text
for details). Note that a maximum of three states are dis-
played for each spin-parity in columns (b) and (c) in order to
avoid clutter in the figure. Spin-parity and energy labels on
the levels are given by regular and italic fonts, respectively.
pf -shell valence-space Hamiltonian in which 3NFs among
the 15 valence nucleons are captured via ensemble normal
ordering [50]. Finally, we diagonalize with the NuShellX
shell-model code [71] to obtain negative-parity states in
55Sc.
The resulting theoretical energy levels of 55Sc using
the VS-IM-SRG and the SDPF-MUr shell-model effec-
tive interaction (a modified version of SDPF-MU [72]
that includes the changes described in Ref. [24]), which
predicts positive-parity states from proton sd-pf cross-
shell excitations, are displayed in Figs. 3(b) and 3(c),
respectively. It is noted that the tentative spin-parity as-
signment (Jpi) for the ground state, 7/2− [53], is repro-
duced successfully by both sets of calculations. Moreover,
both theories predict that the 3/2−1 level is the first ex-
cited state, and the energies of the predicted states are
in good agreement (<∼ 150 keV) with the experimental
level at 695(5) keV. It is, therefore, probable that the
695-keV level is the first Jpi = 3/2− state. At higher en-
ergies, discrepancies between the two theories arise; for
example, VS-IM-SRG predicts the second excited state
to be the 1/2−1 level at ∼1.1 MeV, while the SDPF-MUr
Hamiltonian predicts the 1/2−1 state ∼0.5 MeV higher,
and instead the 11/2−1 level is placed above the 3/2
−
1
state by the effective shell-model interaction. However,
it should be realized that the energy difference between
the 1/2−1 and 11/2
−
1 states predicted by the SDPF-MUr
Hamiltonian is not significant (< 200 keV). A spin-parity
assignment of Jpi = 1/2− for the level at 1267 keV is
likely, because no direct decay to the 7/2− ground state
was measured; although an assignment of Jpi = 5/2−
for this state cannot be completely ruled out, transition
probabilities predicted by SDPF-MUr indicate that the
5/2−1 → 7/2−1 and 5/2−1 → 3/2−1 transition rates are
comparable and, therefore, an assignment of Jpi = 5/2−1
is not consistent with the experimental level scheme. It
is, therefore, suggested that the 1267-keV state is the ex-
perimental counterpart of the 1/2−1 level, and it is noted
that the energy of this state is reproduced in a satisfac-
tory manner (< 200 keV) by VS-IM-SRG. The level at
1730 keV is a candidate for the 7/2−2 state. According
to the SDPF-MUr effective interaction, the decay of the
7/2−2 level is dominated by the transition to the 7/2
−
1
ground state (branching ratio ∼98%), which is consis-
tent with the experimental observations. Although an
assignment of Jpi = 11/2−1 for the 1730-keV level can-
not be completely ruled out, theoretical proton-removal
calculations (discussed below) indicate sizable feeding of
the 7/2−2 level in the
9Be(56Ti,55Sc)X reaction (see Ta-
ble II). Thus, owing to the fact that the 1730-keV level
is not populated indirectly from higher-lying states via
γ-ray decay (at least within the sensitivity of the present
experiment), the most probable spin-parity assignment
for the 1730-keV state is 7/2−2 .
Population of positive-parity states in the
9Be(56Ti,55Sc+γ)X reaction from sd-pf cross-shell
excitations was investigated with theoretical proton-
removal reaction calculations using the eikonal model
approach [73]. The single-particle cross sections for
removal from each available orbital follow the systematic
approach detailed in Section III of Ref. [74]. The
geometries of the complex distorting potentials and
the real potentials that bind the removed protons are
deduced from the neutron and proton densities of 55Sc
and the root-mean-squared (rms) radii of the active
valence and core proton orbitals, respectively, both given
by spherical Hartree-Fock (HF) calculations [75]. A
Gaussian 9Be target density with rms radius of 2.36 fm
and a zero-range effective two-nucleon (NN) interaction
were also assumed in constructing the 55Sc-target and
proton-target interactions. The Woods-Saxon proton
binding potentials in this case have fixed diffuseness (0.7
fm) and spin-orbit strength (6 MeV). The deduced ra-
dius parameters, r0, were 1.294, 1.328, 1.221, and 1.252
fm for the 0f7/2, 0f5/2, 1p3/2, and 1p1/2 valence orbitals
and 1.315, 1.326, and 1.318 fm for the 0d5/2, 0d3/2, and
1s1/2 sd-shell core orbitals, respectively. The depth of
each potential was adjusted to reproduce the physical
separation energy for the removal reaction to the final
state of interest. The ground-state to ground-state
proton separation energy was 16.52 MeV [76], and the
beam energy at mid-target in the calculations was 200
MeV/u. The theoretical single-particle cross sections,
multiplied by the spectroscopic factors from the nuclear
structure calculations (SDPF-MUr effective interaction),
predict the partial cross sections to each final state;
the theoretical spectroscopic factors and partial cross
7TABLE II: Theoretical spectroscopic factors (C2S) and cross
sections (σtheory) for the
9Be(56Ti,55Sc)X one-proton removal
reaction at 200 MeV/u for final states in 55Sc with energies
(Etheory) predicted by the SDPF-MUr effective interaction.
Only the states with C2S > 0.010 are listed here.
Etheory (MeV) J
pi C2S σtheory (mb)
0.000 7/2−1 1.390 10.60
0.607 3/2−1 0.070 0.55
1.676 7/2−2 0.438 3.20
2.285 7/2−3 0.028 0.20
2.503 3/2+1 2.524 13.92
2.679 1/2+1 1.160 8.03
3.594 5/2+1 0.207 1.25
3.721 5/2+2 0.049 0.29
3.937 3/2+2 0.290 1.54
4.213 1/2+2 0.305 2.02
4.238 3/2+3 0.275 1.46
sections are provided in Table II for reference.
As indicated in Fig. 3(c), the SDPF-MUr Hamiltonian
predicts several positive-parity states at E ≥ 2.5 MeV:
the respective 1/2+1 , 3/2
+
1 , and 5/2
+
1 states at 2.7, 2.5,
and 3.6 MeV. In the case of the 9Be(54Ti,53Sc+γ)X one-
proton removal reaction of Ref. [54], it was estimated that
>∼ 60% of the reaction cross section populates excited
states and, moreover, it was argued that a sizable frac-
tion of the spectroscopic strength to 53Sc excited states
can be attributed to proton-hole (sd-pf cross-shell) exci-
tations. In a similar manner, the proton-removal reaction
theory for 55Sc in the present work suggests sizable cross-
sections for population of the 1/2+1 and 3/2
+
1 states from
sd-shell proton-hole excitations; the calculations indicate
that the exclusive cross-sections for both states (8.0 and
13.9 mb, respectively) are comparable to the value for the
population of the 7/2− ground state (10.6 mb), while di-
rect population of individual negative-parity states from
the one-proton removal reaction are relatively low (≤ 0.2
mb) with the exception of the 3/2−1 (0.5 mb) and 7/2
−
2
(3.2 mb) states, the latter of which was discussed above
and suggested to correspond to the 1730-keV state. More
specifically, the suggested spin-parity assignments for the
2786- and 3135-keV states are 1/2+1 and 3/2
+
1 , respec-
tively. It is noted that the SDPF-MUr calculated B(E1)
matrix element for the transition from the 1/2+1 state to
the 3/2−1 state (∼10−4 e2fm2) dominates over the pre-
dicted value to the 1/2−1 state (∼10−6 e2fm2), which is
consistent with the experimental decay pattern of the
2786-keV level. It is also worthwhile noting that the pre-
dicted 1/2+1 state reproduces the energy of the level at
2786 keV rather well (∆E ∼100 keV). The E1 matrix
elements describing the decays to the 1/2−1 and 3/2
−
1
states from the predicted 3/2+1 level are rather small, but
comparable to one another (∼10−6 e2fm2), and because
the reaction theory indicates significant population of the
3/2+1 state in the one-proton removal reaction, the 3135-
keV level is suggested to be the experimental counterpart
of this state, despite the relatively large discrepancy be-
tween the predicted and experimental excitation energies
(∼0.6 MeV).
The level at 2806 keV was also populated in the
9Be(55Sc,55Sc+γ)X inelastic-scattering reaction, and it
is suggested to be a negative-parity state, although its
spin value is uncertain; the fact that it is observed to
populate only the suggested 1/2−1 level at 1267 keV indi-
cates that the spin of the 2806-keV state is likely limited
to J ≤ 5/2. In the case of the one-proton removal reac-
tion, it is probable that this state is fed indirectly from
the γ-ray decay of the 3135-keV level based on the pre-
dictions of the reaction theory calculations, which do not
indicate significant feeding of any negative-parity excited
states except for the 7/2−2 level; however, as discussed
above, measurements of peaks at relatively low energies
(<∼ 0.5 MeV) is ambiguous in the present work owing
to detector threshold settings. Thus, the 3135 → 2806-
keV transition (∼330 keV) is suggested here, but requires
confirmation from future measurements.
In Refs. [52, 53] the structure of 53Sc was discussed
in the context of the extreme single-particle model by
considering the coupling of the valence pif7/2 proton to
excited states of 52Ca. It was reported that the 3/2−1
state, which lies at 2.11 MeV in 53Sc [52–54], as well
as the tentative 9/2− and 11/2− levels at 2.28 and 2.62
MeV [51], respectively, are part of the quintet of states
that result from the pif7/2⊗52Ca(2+1 ) configuration; the
fact that the energies of the states are comparable to that
of the first 2+ state of 52Ca (2.56 MeV [13, 14]) indicates
the success of the extreme single-particle model in this
particular case and, in turn, highlights the robust nature
of the N = 32 subshell closure in Ca and Sc isotopes.
Indeed, the 3/2−1 level is expected to be the lowest-lying
state of the quintet of states, and is sensitive to the mag-
nitude of the neutron shell gap at the Fermi surface. In
the case of 55Sc, the robustness of the N = 34 subshell
gap can be assessed in a similar manner by comparing
the energy of the 3/2−1 level to the energy of the first 2
+
state of 54Ca [21]. The level at 695(5) keV in 55Sc, which
is the lowest-lying excited state identified in the present
study, is suggested to be the 3/2−1 level and lies at an en-
ergy that is notably lower than E(2+1 ) of the Ca core—
2.04(2) MeV—in contrast to the situation at N = 32.
This result, therefore, suggests a breakdown of the ex-
treme single-particle model in this case owing to a rapid
weakening of the N = 34 subshell closure as protons are
added to the pif7/2 orbital, which confirms the suggestion
made in Ref. [53]. Indeed, in the case of the Ti isotopes,
it was reported that no significant N = 34 subshell gap
is present [17, 22] owing to the increased strength of the
attractive nucleon-nucleon interaction between the pif7/2
and νf5/2 orbitals [26] at Z = 22. According to the
SDPF-MUr effective interaction, the magnitude of the
νp1/2–νf5/2 single-particle energy gap in Ti isotopes is
∼1.8 MeV (calculated for 56Ti), where the gap is defined
8as the energy required to promote a nucleon from the
highest occupied orbital, νp1/2, to the lowest unoccupied
orbital, νf5/2, evaluated with the monopole interaction.
Development of a weak N = 34 subshell closure becomes
apparent in the Sc isotopes, where the magnitude of the
shell gap is calculated to be ∼2.2 MeV for 55Sc, while a
larger N = 34 subshell closure is present in the Ca iso-
topes (∼2.6 MeV for 54Ca) owing to the removal of the
final proton from the pif7/2 orbital. Further input on the
development of the N = 34 subshell gap around Z = 20
should build on the result of the present work by, for ex-
ample, extracting neutron separation energies from mass
measurements of Ca and Sc isotopes beyond N = 34.
V. SUMMARY
The low-lying structure of 55Sc has been investi-
gated using the 9Be(56Ti,55Sc+γ)X one-proton removal
and 9Be(55Sc,55Sc+γ)X inelastic-scattering reactions at
∼200 MeV/u at the RIKEN Radioactive Isotope Beam
Factory. The level scheme, which was constructed us-
ing measurements of γγ coincidence relationships and
γ-ray relative intensities, was compared to theoretical
calculations using the ab initio many-body method with
the valence-space formulation of the in-medium similar-
ity renormalization group (VS-IM-SRG) [47–50], large-
scale shell-model calculations with a modified SDPF-MU
effective interaction (SDPF-MUr) [24, 72], and proton-
removal reaction theory with the eikonal model approach
[73]. The reaction theory calculations indicate sizable
populations of the 1/2+1 and 3/2
+
1 states in the one-
proton removal reaction, and are suggested to correspond
to the experimental levels at 2786 and 3135 keV, re-
spectively. The VS-IM-SRG and SDPF-MUr calculations
both predict a low-lying 3/2−1 state, which is suggested
to be the counterpart of the experimental level at 695(5)
keV. This state lies significantly lower in energy than the
first 2+ state of 54Ca (2.04 MeV [21]), and suggests a
rapid weakening of the N = 34 subshell gap as protons
are added to the pif7/2 orbital.
Acknowledgments
We thank the RIKEN Nishina Center accelerator
staff and BigRIPS team for their contributions to the
experiment. This work is part of the CNS-RIKEN
joint research project on large-scale nuclear-structure
calculations. J.A.T. acknowledges the support of the
Science and Technology Facilities Council (UK) grant
ST/L005743, and J.D.H. acknowledges support from the
National Research Council of Canada and NSERC. We
thank K. Hebeler, J. Simonis, and A. Schwenk for pro-
viding the 3N matrix elements used in this work and for
valuable discussions. Computations were performed with
an allocation of computing resources at the Ju¨lich Super-
computing Center (JURECA).
[1] A. Gade and T. Glasmacher, Prog. Part. Nucl. Phys. 60,
161 (2008).
[2] O. Sorlin and M.-G. Porquet, Prog. Part. Nucl. Phys. 61,
602 (2008).
[3] M. Goeppert Mayer, Phys. Rev. 75, 1969 (1949).
[4] O. Haxel, J. H. D. Jensen, and H. E. Suess, Phys. Rev.
75, 1766 (1949).
[5] A. Ozawa, T. Kobayashi, T. Suzuki, K. Yoshida, and
I. Tanihata, Phys. Rev. Lett. 84, 5493 (2000).
[6] C. R. Hoffman et al., Phys. Rev. Lett. 100, 152502
(2008).
[7] C. R. Hoffman et al., Phys. Lett. B 672, 17 (2009).
[8] R. Kanungo et al., Phys. Rev. Lett. 102, 152501 (2009).
[9] D. Guillemaud-Mueller, C. Detraz, M. Langevin,
F. Naulin, M. de Saint-Simon, C. Thibault, F. Touchard,
and M. Epherre, Nucl. Phys. A 426, 37 (1984).
[10] T. Motobayashi et al., Phys. Lett. B 346, 9 (1995).
[11] B. Bastin et al., Phys. Rev. Lett. 99, 022503 (2007).
[12] S. Takeuchi et al., Phys. Rev. Lett. 109, 182501 (2012).
[13] A. Huck, G. Klotz, A. Knipper, C. Miehe´, C. Richard-
Serre, G. Walter, A. Poves, H. L. Ravn, and G. Marguier,
Phys. Rev. C 31, 2226 (1985).
[14] A. Gade et al., Phys. Rev. C 74, 021302(R) (2006).
[15] F. Wienholtz et al., Nature (London) 498, 346 (2013).
[16] R. V. F. Janssens et al., Phys. Lett. B 546, 55 (2002).
[17] D.-C. Dinca et al., Phys. Rev. C 71, 041302(R) (2005).
[18] J. I. Prisciandaro et al., Phys. Lett. B 510, 17 (2001).
[19] A. Bu¨rger et al., Phys. Lett. B 622, 29 (2005).
[20] S. Zhu et al., Phys. Rev. C 74, 064315 (2006).
[21] D. Steppenbeck et al., Nature (London) 502, 207 (2013).
[22] S. N. Liddick et al., Phys. Rev. Lett. 92, 072502 (2004).
[23] M. Rosenbusch et al., Phys. Rev. Lett. 114, 202501
(2015).
[24] D. Steppenbeck et al., Phys. Rev. Lett. 114, 252501
(2015).
[25] R. F. Garcia Ruiz et al., Nature Physics 12, 594 (2016).
[26] T. Otsuka, T. Suzuki, R. Fujimoto, H. Grawe, and
Y. Akaishi, Phys. Rev. Lett. 95, 232502 (2005).
[27] T. Otsuka, Phys. Scr. T152, 014007 (2013).
[28] K. Hebeler, J. D. Holt, J. Mene´ndez, and A. Schwenk,
Annu. Rev. Nucl. Part. Sci. 65, 457 (2015).
[29] A. T. Gallant et al., Phys. Rev. Lett. 109, 032506 (2012).
[30] H. Hergert, S. K. Bogner, T. D. Morris, S. Binder,
A. Calci, J. Langhammer, and R. Roth, Phys. Rev. C
90, 041302(R) (2014).
[31] V. Soma`, A. Cipollone, C. Barbieri, P. Navra´til, and
T. Duguet, Phys. Rev. C 89, 061301(R) (2014).
[32] A. Ekstro¨m, G. R. Jansen, K. A. Wendt, G. Hagen,
T. Papenbrock, B. D. Carlsson, C. Forsse´n, M. Hjorth-
Jensen, P. Navra´til, and W. Nazarewicz, Phys. Rev. C
91, 051301(R) (2015).
[33] V. Lapoux, V. Soma`, C. Barbieri, H. Hergert, J. D. Holt,
and S. R. Stroberg, Phys. Rev. Lett. 117, 052501 (2016).
[34] J. D. Holt, T. Otsuka, A. Schwenk, and T. Suzuki, J.
Phys. G: Nucl. Part. Phys. 39, 085111 (2012).
[35] G. Hagen, M. Hjorth-Jensen, G. R. Jansen, R. Machleidt,
9and T. Papenbrock, Phys. Rev. Lett. 109, 032502 (2012).
[36] T. Otsuka and T. Suzuki, Few-Body Syst. 54, 891 (2013).
[37] J. D. Holt, J. Mene´ndez, and A. Schwenk, J. Phys. G:
Nucl. Part. Phys. 40, 075105 (2013).
[38] J. D. Holt, J. Mene´ndez, J. Simonis, and A. Schwenk,
Phys. Rev. C 90, 024312 (2014).
[39] G. R. Jansen, J. Engel, G. Hagen, P. Navratil, and A. Sig-
noracci, Phys. Rev. Lett. 113, 142502 (2014).
[40] R. F. Garcia Ruiz et al., Phys. Rev. C 91, 041304(R)
(2015).
[41] T. Otsuka, T. Suzuki, J. D. Holt, A. Schwenk, and
Y. Akaishi, Phys. Rev. Lett. 105, 032501 (2010).
[42] G. Hagen et al., Nature Physics 12, 186 (2016).
[43] H. L. Crawford et al., Phys. Rev. C 95, 064317 (2017).
[44] G. Hagen, G. R. Jansen, and T. Papenbrock, Phys. Rev.
Lett. 117, 172501 (2016).
[45] S. K. Bogner, H. Hergert, J. D. Holt, A. Schwenk,
S. Binder, A. Calci, J. Langhammer, and R. Roth, Phys.
Rev. Lett. 113, 142501 (2014).
[46] E. Dikmen, A. F. Lisetskiy, B. R. Barrett, P. Maris,
A. M. Shirokov, and J. P. Vary, Phys. Rev. C 91, 064301
(2015).
[47] K. Tsukiyama, S. K. Bogner, and A. Schwenk, Phys. Rev.
C 85, 061304(R) (2012).
[48] S. R. Stroberg, H. Hergert, J. D. Holt, S. K. Bogner, and
A. Schwenk, Phys. Rev. C 93, 051301(R) (2016).
[49] H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and
K. Tsukiyama, Phys. Rep. 621, 165 (2016).
[50] S. R. Stroberg, A. Calci, H. Hergert, J. D. Holt,
S. K. Bogner, R. Roth, and A. Schwenk, Phys. Rev. Lett.
118, 032502 (2017).
[51] S. Bhattacharyya et al., Phys. Rev. C 79, 014313 (2009).
[52] H. L. Crawford et al., Acta Phys. Pol. B 40, 481 (2009).
[53] H. L. Crawford et al., Phys. Rev. C 82, 014311 (2010).
[54] S. McDaniel et al., Phys. Rev. C 81, 024301 (2010).
[55] P. F. Mantica et al., Phys. Rev. C 77, 014313 (2008).
[56] R. Grzywacz et al., Phys. Rev. Lett. 81, 766 (1998).
[57] S. N. Liddick et al., Phys. Rev. C 70, 064303 (2004).
[58] D. Kameda et al., Phys. Rev. C 86, 054319 (2012).
[59] S. Schwertel et al., Eur. Phys. J. A 48, 191 (2012).
[60] O. Sorlin et al., Nucl. Phys. A 632, 205 (1998).
[61] D. Steppenbeck et al., JPS Conf. Proc. 6, 020019 (2015).
[62] D. Steppenbeck et al., Proc. Sci., PoS(INPC2016)030
(2017).
[63] T. Kubo et al., Prog. Theor. Exp. Phys. 2012, 03C003
(2012).
[64] S. Takeuchi, T. Motobayashi, Y. Togano, M. Matsushita,
N. Aoi, K. Demichi, H. Hasegawa, and H. Murakami,
Nucl. Instrum. Methods Phys. Res., Sect. A 763, 596
(2014).
[65] D. Steppenbeck et al., J. Phys.: Conf. Series 445, 012012
(2013).
[66] S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 506, 250 (2003).
[67] K. Hebeler, S. K. Bogner, R. J. Furnstahl, A. Nogga, and
A. Schwenk, Phys. Rev. C 83, 031301(R) (2011).
[68] J. Simonis, K. Hebeler, J. D. Holt, J. Mene´ndez, and
A. Schwenk, Phys. Rev. C 93, 011302(R) (2016).
[69] J. Simonis, S. R. Stroberg, K. Hebeler, J. D. Holt, and
A. Schwenk, Phys. Rev. C 96, 014303 (2017).
[70] T. D. Morris, N. M. Parzuchowski, and S. K. Bogner,
Phys. Rev. C 92, 034331 (2015).
[71] B. A. Brown and W. D. M. Rae, Nucl. Data Sheets 120,
115 (2014).
[72] Y. Utsuno, T. Otsuka, B. A. Brown, M. Honma,
T. Mizusaki, and N. Shimizu, Phys. Rev. C 86,
051301(R) (2012).
[73] P. G. Hansen and J. A. Tostevin, Annu. Rev. Nucl. Part.
Sci. 53, 219 (2003).
[74] A. Gade et al., Phys. Rev. C 77, 044306 (2008).
[75] B. A. Brown, Phys. Rev. C 58, 220 (1998).
[76] M. Wang, G. Audi, A. H. Wapstra, F. G. Kondev,
M. MacCormick, X. Xu, and B. Pfeiffer, Chin. Phys. C
36, 1603 (2012).
